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Abstract

The oviducts (fallopian tubes in mammals) function as the site of fertilization and provide
necessary support for early embryonicdevelopment, mainly via embryonic exposure to the
tubal microenvironment. The main objective of this study was to create an oviduct- specific
extracellular matrix (oviECM) hydrogel rich in bioactive components that mimics the native
environment, thus optimizing the developmental trajectories of cultured embryos. Rabbit
oviducts were decellularized through SDS treatment and enzymatic digestion, and the
acellular tissue was converted into oviductal pre-gel extracellular matrix (ECM) solutions.
Incubation of these solutions at 37 °C resulted in stable hydrogels with a fibrous structure
based on scanning electron microscopy. Histological staining, DNA quantification and
colorimetric assays confirmed that the decellularized tissue and hydrogels contained no
cellular or nuclear components but retained important components of the ECM, e.g.
hyaluronic acid, glycoproteins and collagens. To evaluate the ability of oviECM hydrogels to
maintain early embryonic development, two-cell rabbit embryos were cultured on oviECM-
coated surfaces and compared to those cultured with standard techniques. Embryo
development was similar in both conditions, with 95.9% and 98% of the embryos reaching the
late morula/early blastocyst stage by 48 h under standard culture and oviECM conditions,
respectively. Metabolomic analysis of culture media in the presence or absence of embryos,
however, revealed that the oviECM coating may include signalling molecules and release
compounds beneficial to embryo metabolism.

Keywords Decellularization - Hydrogel - Oviduct - Fallopian tubes - ECM - Embryo culture



Introduction

Infertility is a disorder of the reproductive system defined by the World Health
Organization as “the failure to achieve a clinical pregnancy after 12 months or more of
regular unprotected sexual intercourse”. Currently, around 15% of couples worldwide
experience infertility and, for many of them, assisted reproductive technologies (ARTS)
provide a helpful alternative [1]. This field and, in particular, in vitro embryo culture have
improved significantly over the last de- cades, with a multitude of chemical formulations
and physical platforms for culture being developed [2]. Even so, current embryo culture
techniques are far from ideal, as in vitro con- ditions fail to mimic the physiological
dynamics within the reproductive tract. The female reproductive tract has complex
hydrated surfaces coated with macromolecules, hydroxylated compounds, growth
factors and components of the extracellu- lar matrix (ECM). This is in stark contrast with
the inert cul- ture surfaces currently in use, e.g. glass, polystyrene and poly-
dimethylsiloxane [3]. This could be a contributing factor to the developmental gaps
exhibited in in vitro cultured mammalian embryos, reducing ART success rates [4-6].

Bioengineering based on the ECM may help solve this problem. The ECM plays vital
roles in many organ systems, and decellularized tissues that harness the intrinsic
qualities of the ECM have many possible applications. A major example is the creation
of bioengineered patches to regenerate dam- aged tissues. This approach has been
implemented with prom- ising results in the management of the uterus [7—10], vagina
[11, 12] and ovary [13, 14]. Further, unique tissue-specific ECM hydrogels have been
derived from virtually all major tissues and organs [15—20], including reproductive tissues
such as the endometrium [21]. Because of their composition and three-dimensional
organization similar to native tissues, they have been successfully used for regenerative
and other biomedical purposes [22]. Of note, decellularization is partic- ularly
advantageous as it removes all cellular material and epitopes allowing both allogeneic
and xenogeneic sources to be used [23, 24], facilitating throughput and adoption in a
clinical setting.

In terms of ART, decellularized tissue could be used to improve culture systems. The
biophysical and chemical cues of embryonic microenvironments impart significant
spatio- temporal effects on development [25, 26]. Tissue engineering could be used to
recreate these microenvironments by devel- oping advanced in vitro embryo culture
platforms incorporat- ing different biomaterials, media and mechanical forces [6].
Synthetic or nonspecific naturally derived hydrogels such as gelatin, laminin or collagen
are commonly used to culture embryos or embryonic stem cells [27-32]. Decellularized
tis- sues, on the other hand, have potential advantages due to their specific structures,
intrinsic biological activity and complex biochemical characteristics. Decellularized ECM
is primarily composed of structural proteins, such as collagen, elastin and laminin, and
glycosaminoglycans (GAGs), but it can also con- tain nontrivial concentrations of
endogenous growth factors, secretions and matrix-bound nanovesicles [33—35]. Such
ECM components can influence embryo development by reg- ulating the activity of
signalling pathways and supplying spe- cific biomolecules and cytokines to the medium
[36]. Thus, using tissue-specific ECM hydrogels as in vitro coatings [15] is a promising
way to achieve reliable embryo culture [21].

In this study, the first of its kind, we examine the proteome, GAGs and hyaluronic acid
(HA) composition of a pre-gel solution derived from decellularized rabbit oviducts and
test its ability to support the development of rabbit embryos. Our goal was to create an
oviduct-specific extracellular matrix (oviECM) hydrogel rich in bioactive components
capable of mimicking the natural microenvironment in which preimplan- tation embryos
develop. Fallopian tubes, or oviducts, were chosen as the source tissue as these



structures are essential for successful spontaneous conception in humans and facili- tate
early embryo development, allowing embryos to reach the uterine cavity and implant in
a receptive endometrium [37]. The hypothesis is that oviductal hydrogels will facilitate
early embryo development in culture, eventually improving im- plantation and normal
intrauterine pregnancy.

Material and Methods
Study Design

After 72 h of ovarian stimulation, oviducts (n = 24) were iso- lated from twelve rabbits.
Eighteen oviducts were decellularized in three pools (n = 6 per pool) and 6 kept as the
control group. The decellularization efficiency was tested (see below), and the resulting
acellular tissue was milled and lyophilized. Pre-gel solutions were made by partially
digesting ECM powder and control tissue powder. The solu- tions were aliquoted and
stored at —80 °C until use. The de- rived hydrogels were characterized by scanning
electron mi- croscopy (SEM), proteomics and quantification of GAGs and HA. The
biological activity of the oviductal ECM— oviECM—hydrogels was studied by culturing
day-1 rabbit embryos for 48 h in two different conditions: on a surface coating made from
acellular oviduct hydrogels (CM + OH + E) and in standard culture conditions (CM + E).
The develop- mental rate of the embryos and metabolites in the media was analysed.
Figure 1 shows a complete outline of the methodology.

Animal Setting

New Zealand White rabbits housed at the Universitat Politécnica de Valéncia
experimental farm were used. Mating-induced ovulation in this species makes it possible
to precisely pinpoint embryonic age, and these animals are widely used to study
reproduction [38]. The animals were kept in flat deck indoor cages, with free access to
food and water. All experimental procedures were performed in accordance with
Directive 2010/63/EU EEC for animal experiments and reviewed and approved by the
Ethical Committee for Experimentation with Animals of the Polytechnic University

of Valencia, Spain (research code: 2018/VSC/PEA/0116).

Oviduct Decellularization

Ovulation was induced in twelve rabbits using hormonal treat- ment consisting of 1 pg of
Buserelin acetate (Hoechst Marion Roussel S.A., Madrid, Spain). After 72 h, oviducts (n
= 24) were isolated. Before decellularization, surrounding fat was removed and the
oviducts were washed with PBS, cut into 5-mm pieces and separated into 4 pools (n =6
oviducts per pool): three to be independently decellularized and one to remain as an
untreated control. Decellularization was per- formed via a 2-day SDS-based protocol and
agitation with a magnetic stirrer at 300 RPM (Table 1). Briefly, oviduct pools were
subjected to chemical detergents (SDS, Triton X-100; Sigma-Aldrich), an enzymatic
solution (DNase 1 (D4513- 1VL), diluted in 1.3 mM MgSO4 and 2 mM CaCl2; Sigma-
Aldrich) and PBS washes (Thermo Fisher Scientific).

Assessment of Decellularization Efficiency of Oviducts: Histological Analysis and DNA
Quantification

Decellularized oviducts and native tissues were fixed over- night with 4%
paraformaldehyde (PFA; Sigma-Aldrich) at 4 °C then dehydrated in graded
alcohol/xylene, embedded in paraffin and sectioned on a microtome (HM 310, Microm).
The 4-um sections were mounted onto glass slides (Superfrost Plus, Thermo Scientific).



Haematoxylin and eosin (H&E), Alcian blue (AB) and Masson’s trichrome (MT) stains
were used to assess the presence of cellular components, sulphated GAGs and
collagen, re- spectively. To detect nuclear DNA, mounting medium containing 6-
diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) was used. All images, for
both bright- field microscopy and fluorescence microscopy, were taken with a Nikon
Eclipse 80i microscope. Following lyophilization of the control tissue and ECMs (see
below), DNA was extracted from 12 mg samples using the DNeasy Blood & Tissue kit
(Qiagen) following the man- ufacturer’s instructions. The DNA yield (ng/ul) was quanti-
fied using the NanoDrop One® (Thermo Scientific).

Preparation of Cellular and Acellular Oviductal Matrix Hydrogels

Decellularized and native oviduct fragments were frozen in liquid nitrogen, ground in a
mortar and stored at -80 °C.

The resulting powder was lyophilized (LyoQuest -85, Telstar) for 48 h at 20 Pa and -80
°C and finally stored at —20 °C. Acellular and control tissue hydrogels were created using
a modified protocol [39] that conserves the ECM. Lyophilized powder was suspended at
1% (w/v) in 0.01 M HCI (Sigma- Aldrich) with 0.1% (w/v) pepsin (Sigma-Aldrich) and
digested for 48 h at room temperature with constant agitation using a sterilized magnetic
stirrer. The solution was iced, and digestion stopped by neutralization to physiological
pH with 10% (v/v) 0.1 M NaOH (Sigma-Aldrich) and 10% (v/v) 10x PBS. The resulting
pre-gel solution was aliquoted and stored at —80 °C; this solution forms a stable hydrogel
at 37 °C.

Hydrogel Characterization: Fibre Size, Sterility, and GAGs and HA Quantification

Ultrastructural assessment and fibre size analysis were per- formed via SEM. Pre-gel
solutions were left to gel for 20 min at 37 °C. Gels were fixed in 2.5% glutaraldehyde in
PBS (Sigma-Aldrich, grade Il, 25%) at 4 °C overnight, slowly critical point dried, coated
with gold-palladium for 2 min using an SC7640 Sputter Coater (Quorum Technologies)
and imaged with a Hitachi S-4800 SEM FEG. Native micro- scope software was used to
measure fibre diameters.

GAGs and HA were quantified in pre-gel solutions from both decellularized and control
tissues. The Blyscan™ Glycosaminoglycan Assay and the Purple-Jelley Hyaluronan
Assay (Biocolor) kits were used according to the manufac- turer’s instructions to extract
and stain GAGs and HA, respec- tively. Yields were measured spectrophotometrically,
using a SpectraMax 190 Microplate Reader (Molecular Devices, USA).

To test sterility and structural stability, oviECM hydrogels were incubated in SAGE 1-
Step™ medium (CooperSurgical) for 4 days at 37 °C and 5% CO2.

Proteomic Analysis

Native and decellularized oviductal pre-gel solutions (10 pg/ pl) were used, with 100 pg
of each sample being loaded and resolved on a one-dimensional SDS-PAGE gel. Each
sample lane was sliced into 5 fragments and digested with sequencing grade trypsin
(Promega) as described [40]. Trypsin digestion was stopped with trifluoroacetic acid at
a final concentration of 10%, and the supernatant (SN) was removed. The library gel
slides were dehydrated with pure acetonitrile (ACN). The new peptide solutions were
combined with their correspond- ing SNs. The peptide mixtures were dried in a speed
vacuum and resuspended in 2% ACN and 0.1% TFA.

For liquid chromatography and tandem mass spectrometry (LC-MS/MS), peptides were
loaded onto an analytical column (LC column, Luna Omega 3 pm Polar C18, 150 mm x



0.3 mm, Capillary Phenomenex) and analysed in a microESI qQTOF (TripleTOF
6600plus, AB SCIEX) spectrometer.

For protein identification in each sample, the MS/MS spec- tral files of the sample’s 5 gel
fragments were combined. ProteinPilot default parameters were used to generate peak
lists directly from TripleTOF 6600plus wiff files. The Paragon Algorithm [41] of
ProteinPilot v 5.0 was used to search the UniprotMammals database (version 03-2018)
with the following parameters: trypsin specificity, IAM Cys alkyl- ation, taxonomy not
restricted and the search effort set to through. The Pro group algorithm was used for
protein group- ing. Proteins showing unused scores >1.3 were identified with
confidences 295%.

To perform differential abundance analysis, a spectrum li- brary was built. Data from
each fragment type were combined in a search for all samples, and ProteinPilot v 5.0
was used to generate a peak list and to search the UniprotMammals data- base. As
above, the Pro group algorithm was used for protein grouping. Subsequently, PeakView
1.1 (Sciex) was used to quantify the areas for the peptides assigned in the library
(maximum 100 peptides per protein). Only peptides with con- fidences 295% were
quantified. Shared or modified peptides were not quantified. The protein areas
determined for every fragment were exported by MarkerView 1.3.1 (Sciex), com- bined
in a single matrix and normalized by the summed total areas.

In Vitro Embryo Culture

Eight New Zealand White rabbits were used as embryo donors in 2 separate experiments
(n =4 rabbits per experiment). Ovarian stimulation was induced using 3 ug of long-acting
follicle-stimulating hormone (Corifollitropin alfa; Elonva, Merck Sharp & Dohme S.A,,
Spain) as described previously [42]. Seventy-two hours later, ovulation was induced via
an intramuscular injection of 1 ug buserelin acetate (Suprefact; Hoechst Marion Roussel,
S.A., Madrid, Spain). Females were inseminated with a heterospermic pool of semen to
randomize male effect and, 24 h later, were euthanized. Two-cell embry- os were
collected at room temperature by flushing the ovi- ducts and uterine horns with
Dulbecco’s phosphate-buffered saline (DPBS), supplemented with 0.2% (w/v) bovine
serum albumin (BSA) and antibiotics (penicillin G sodium 60 1U/ml, penicillin G procaine
140 IU/ml and dihydrostreptomycin sul- phate 0.250 mg/ml; Penivet 1; Divasa Farmavic,
Barcelona, Spain) and pooled to randomize donor effect. Pools of 24—25 embryos were
cultured in 4-well Nunc plates (Thermo Fisher Scientific) for 48 h at 38.5 °C, 7% CO2
and saturated humid- ity. Two different conditions were tested: (i) SAGE 1-Step™ HSA
medium (CooperSurgical), 148 embryos, and (ii) oviECM coating with SAGE 1-Step™
medium, 150 embryos. To coat the wells, 250 pl of ECM pre-gel solution was added and
left overnight at 4 °C to allow nonspecific adherence of proteins. The coating solution
was then aspirated, and the wells were rinsed once with PBS before adding the culture
medium.

Metabolomic Analysis

Four experimental conditions were analysed by metabolo- mics: (i) SAGE 1-Step™
medium incubated for 48 h (CM), (ii)) SAGE 1-Step™ medium that was in contact with
an oviECM coating for 48 h (CM + OH), (iii) SAGE 1-Step™ medium in which embryos
were grown for 48 h (CM + E) and (iv) SAGE 1-Step™ medium in which embryos were
grown on an oviECM coating for 48 h (CM + OH + E). Targeted and untargeted LC-
ESI(+/-)-MS analysis of the semi-polar metabolome (consisting of water-soluble
molecules) of the media was performed as previously described [43—45]. Semi-polar
metabolites were extracted from 250 pl lyophilized medium with 0.75 ml of cold 75% (v/v)
methanol and 0.1% (v/v) formic acid, spiked with 10 ug/ml formononetin as an internal
standard. Samples were shaken for 40 min at 20 Hz using Mixer Mill 300 (Qiagen) then



centrifuged for 15 min at 20,000xg at 4 °C. Supernatants (0.6 ml each) were transferred
to HPLC tubes. For each experimental group, 6 independent biological replicates were
analysed, with at least one technical replicate for each. Liquid chromatography (LC) was
per- formed on 5 pl of each sample with a Phenomenex C18 Luna column (100 x 2.0
mm, 2.5 ym) and a flow rate of 0.25 ml/min throughout. The mobile phase was composed
of solutions A (water-0.1% formic acid) and B (ACN-0.1% formic acid) in a linear gradient
from 95% A:5% B (1 min) to 25% A:75% B over 40 min, then 2 min isocratic, followed by
a return to the initial LC conditions over 18 min.

Mass spectrometry analysis was performed using a quadrupole-Orbitrap Q Exactive
system (Thermo Fisher Scientific, USA) operating with positively/negatively heat- ed
electrospray ionization (HESI) or atmospheric pressure chemical ionization (APCI)
coupled to an Ultimate HPLC- DAD system (Thermo Fisher Scientific, Waltham, MA,
USA). For metabolite analysis, mass spectrometer parameters were as follows: capillary
and vaporizer temperatures of 30 °C and 270 °C, respectively, 4.0 kV discharge cur-
rent, 370 °C probe heater temperature and a 50 V S-lens RF level. The acquisition was
carried out in the 110/ 1600 m/z scan range, with the following parameters: reso- lution
70,000, microscan 1, AGC target 1e6 and maximum injection time of 50 ms. Full-scan
mass spectrometry (MS) with data-dependent MS/MS fragmentation was used to identify
metabolites. All solvents used were LC-MS grade quality (CHROMASOLV® from Sigma-
Aldrich). Metabolites were quantified in a relative way by normalization to internal
standard (formononetin and DL-a-to- copherol acetate) amounts.

Bioinformatics and Statistics

Exploratory analysis of proteomic data was performed using ClustVis online software
(https://biit.cs.ut.ee/clustvis/). Serum albumin, keratins and trypsin were considered
contaminants and were excluded from analysis. Differential abundance was evaluated
using the moderate t statistic from the R limma package (p values adjusted by the
Benjamini-Hochberg meth- od [46]). The functional enrichment analysis was performed
with the over-representation analysis method implemented in the Panther database
(http://geneontology.org). Proteins annotated with Gene Ontology terms GO: 0005576
(extracellular region), GO: 0005615 (extracellular space), GO: 0005886 (plasma
membrane) and GO: 0009986 (cell surface) were classified as extracellular proteins. The
STRING database (version 10) was used for protein-protein interaction analysis, and
MatrisomeDB 2.0 (http://www. matrisomedb.org) was used to identify matrisome
annotations [47].

Untargeted metabolomics was performed using the SIEVE software (Thermo Fisher
Scientific). Differentially accumulated metabolites (DAMs) were identified by a t test with
correction for multiple comparisons using the Holm-Sidak method [ 48 ] using GraphPad
Prism (GraphPad Software, Inc., CA, USA). Targeted metabolite identification was
performed by comparing chromato- graphic and spectral properties with authentic
standards (if available) and reference spectra, an in-house database and literature data,
and on the basis of the m/z accurate masses, as reported in the PubChem database or
on the Metabolomics Fiehn Lab Mass Spectrometry Adduct Calculator. Targeted DAMs
were identified by one-way ANOVA plus Tukey’s pairwise comparison using the SPSS
software (SPSS, Inc., Chicago, IL, USA). Quantitative data were expressed as the mean
value t stan- dard deviation (SD). Unpaired t tests were used to identify any significant
differences in fibre sizes, DNA, GAGs and HA levels and embryo development rates.
The data were analysed using SPSS (SPSS, Inc., Chicago, IL, USA). A p value <0.05 in
a two-tailed test was considered statistically significant.

Results



Macroscopic and Histologic Analysis and DNA Quantification of Decellularized Rabbit
Oviducts

During the decellularization process, the oviduct fragments changed from red to white
and became semi-transparent. The samples preserved their tubular structure, and there
was a Vvisible reduction in the surrounding fat (Supplementary Fig. 1a, c).
Decellularization was first confirmed by histolog- ical methods. Based on H&E and DAPI
stains, the bioengineered oviductal scaffolds were devoid of cellular and nuclear material
(Fig. 2a—d). DNA was quantified, and a significant reduction was observed after
decellularization (4958.65 + 141.61 ng/mg dry tissue weight in control samples
compared to 161.18 + 32.18 in decellularized samples, N =3 per group, p = 0.000) (Fig.
2i). Histochemical assessments demonstrated preservation of the ECM architecture and
content. Masson’s trichrome stain- ing showed that collagen fibres, a major ECM
component, remained after decellularization (Fig. 2e, f); however, Alcian blue staining
revealed a reduction in GAGs, with a faint signal being appreciable (Fig. 2g, h).

Hydrogel Preparation and Characterization: Biochemical Properties and Ultrastructure

Native tissue and decellularized ECM were lyophilized and digested by pepsin
(Supplementary Fig. 1a—e). The resulting pre-gel solutions formed stable gels when left
at 37 °C for 20 min (Supplementary Fig.1f). Long-term struc- tural stability and sterility of
the ECM-derived gels were demonstrated by incubation at 37 °C in the SAGE 1-Step™
culture medium for 4 days. The hydrogel remained intact during this period, and no
bacterial growth was observed (data not shown). SEM was used to assess the ECM
ultrastructure in hydrogels from native and decellularized tissues. The hydrogels had
similar complex fibre networks based on low- and high-magnification images. In both
cases, the typical D- periodicity of collagen fibres was seen (Fig. 3a—h). Fibre di- ameters
were analysed from x100,000 images (>30 measure- ments per hydrogel), measuring
on average 38.32 £ 5.97 nm and 36.13 £ 6.03 nm in control and oviECM hydrogels, re-
spectively (Fig. 3k).

To further assess the effect of decellularization and solubi- lization on GAGs, a
colorimetric kit for GAGs in general and one specifically for HA were used. The
concentration of GAGs was significantly reduced after decellularization (from 99.49 +
8.20 pg/ml in control hydrogels to 15.38 + 0.41 pg/ml in hydrogels from decellularized
tissue, N = 3 per group, p = 0.000) (Fig. 3i). Interestingly, HA, a non-sulphated anionic
glycosaminoglycan present in some specialized culture media for embryonic culture, did
not exhibit such a drastic decrease (3.55 £ 0.10 pug/ml in control hydrogels compared to
2.53 + 0.25 pg/ml in hydrogels from decellularized tissue, N = 3 per group, p = 0.0029)
(Fig. 3j). This indicates SDS and pepsin treatments have a less dramatic effect on this
specific GAG.

Hydrogel Proteome Analysis

After demonstrating the retention of collagens, we studied how decellularization affects
the overall protein composition of the resulting hydrogels. Based on SDS-PAGE,
hydrogels from decellularized tissue are enriched in high molecular weight proteins (Fig.
4a). Using MS, we quantified 399 com- mon proteins in three biological replicates of each
hydrogel. In both clustering (Fig. 4b) and principal component analysis (Supplementary
Fig. 2), a clear separation was observed be- tween the two experimental groups.
Differential abundance analysis confirmed the exploratory heatmaps and revealed that
a large proportion of the proteins were more abundant in na- tive hydrogels, with only a
few proteins found to be enriched in oviECM hydrogels (171 vs. 6, respectively).



Gene ontology (GO) analysis was performed for proteins with statistically significant
differential abundance. Proteins enriched in oviECM hydrogels related to extracellular
micro- fibrils or desmosomes, while other ECM proteins (collagens and laminins) and
those relating to the cytoplasm, cell organ- elles and nucleus were highly enriched in
native hydrogels (Fig. 4c). In terms of molecular function, hydrogels from acel- lular
tissue contained a high percentage of ECM constituents conferring elasticity, whereas
native hydrogels contained prin- cipally proteins involved in catalytic and substance
exchange. A further GO analysis of biological processes showed that proteins in charge
of maintaining the position of other proteins in the extracellular space were significantly
enriched in oviECM hydrogels, while proteins involved in signal trans- duction and sugar
and lipid metabolism predominated in na- tive hydrogels. Supplementary Fig. 3 shows
the results of a GO enrichment analysis carried out with all the proteins iden- tified in the
oviECM hydrogels.

Many of the observations obtained through over- representation analysis (ORA) were
verified by protein- protein interaction analysis carried out using the STRING database
(Supplementary Fig. 4). A network comprising 100 proteins with the most significant
differential abundances re- vealed functional enrichments of ontologies very similar to
those described above.

To better characterize extracellular proteins in both hydrogels, the proteomic data were
mapped onto the matrisome database (MatrisomeDB 2.0) [49], where matrisomal
proteins are divided into the ‘core matrisome’ (encompassing glycoproteins, collagens
and proteoglycans) and the ‘matrisome-associated proteins’ (encompassing affil- iated
proteins, regulators and secreted factors). In this analysis, only qualitative data for
proteins showing unused scores >1.3 and present in at least 2 of the 3 biological
replicates from each experimental condition were considered. The oviECM hydrogels
had larger proportions of collagens, glycoproteins, ECM-affiliated proteins, ECM
regulators and secreted factors than the native hydrogels (Fig. 5a). Of note, 68% of the
extra- cellular proteins in the oviECM hydrogels were matrisomal, whereas only 35%
were matrisomal in native hydrogels. However, the absolute number of proteins from
all matrisomal categories (excepting collagens) was higher in native hydrogels (Fig.
5b). This indicates that some matrisomal pro- teins have been lost during
decellularization. However, the extracellular fraction has been enriched. A list of the
matrisomal proteins of both hydrogels is shown in Table 2.

Effect of oviECM Hydrogel Coating on In Vitro Embryo Development and Metabolism

Embryos were cultured under standard conditions or on plas- tic coated with oviECM
hydrogels. Embryo development was similar in both conditions, with 95.9% and 98% of
the embry- os reaching the late morula/early blastocyst stage by 48 h un- der standard
culture and oviECM conditions, respectively. The morphology and appearance of the
embryos were also similar in both conditions (Supplementary Fig. 5).

Metabolites in negative control media (with and without oviECM coating; CM + OH and
CM, respectively) and media with embryos (with and without oviECM coating; CM + OH
+ E and CM + E, respectively) were compared by targeted and untargeted LC-ESI(+/-)-
MS analysis of the semi-polar metabolome. Base peak alignment of chromatograms re-
vealed appreciable differences between the ion populations of the four conditions
(Supplementary Fig. 6). Once filtered, the untargeted data of 50 metabolites re- vealed
explicit differences in the compositions of the different media. Exploratory analysis of the
results (PCA and heatmap) identified two large groups among the 24 samples analysed
(6 per condition): one characteristic of the CM condition and one characteristic of the
other three conditions (Fig. 6a, b). This information is consistent with the number of
DAMs found when comparing the conditions. Culturing of embryos for 48 h under



standard or oviECM conditions changed the base- line composition of the media in
regard to 17 and 1 metabolite, respectively (Fig. 6¢). Likewise, simply supplementing the
culture medium with the ECM pre-gel solution in the absence of embryos revealed 17
DAMs. This indicates that, to reach a similar end point (4 DAMs were detected between
the CM + E and CM + OH + E conditions), there is less change during embryo culture
when oviECM coating is present, implying that embryos need to acclimatize less than
they do under standard culture conditions.

Targeted analysis focused on metabolites associated with energy metabolism (glycolysis
and oxidative phosphorylation) and amino acid biosynthesis of the embryos due to the
importance of these metabolic pathways in early embryonic development. A total of 20
metabolites in these pathways could be detected, 11 of which exhibited differential
abundance in some conditions (Table 3). When the embryos were cultured on an
oviECM hydrogel coating, consumption of almost all identified amino acids as well as
glucose and glycolysis intermediates was observed but the differences in metabolite
abundances were not significant after 48 h of embryo culture. Interestingly, incubating
just the oviECM coating in culture medium increased the levels of amino acids and
glycolysis intermediates, indicating the oviECM hydrogel provides these compounds,
which could be used by the embryos. To meet a comparable end state, under standard
culture conditions, the embryos significantly produced and released amino acids and
intermediates from glycolysis, consuming glucose and gluconate. Additionally, in
oviECM culture conditions, the turnover of the 15 identified amino acids was half that of
standard culture conditions (data not shown).

Discussion

The ECM, a tissue-specific network made up of fibrous pro- teins, proteoglycans and
GAGs, provides three-dimensional structural support for cells and possesses signalling
cues and bioactive components [50]. This enables cells to differentiate and maintain their
functions and phenotypes in a specialized local microenvironment [51]. The ECM is
dynamic, undergoes continuous remodelling and is carefully regulated, starting from the
earliest phases of embryonic development [52-54]. For ex- ample, laminin is already
expressed by 16-cell stage murine embryos and collagen IV in early blastocysts [55].

ECM hydrogels have been derived from almost all human tissues and organs since the
first report of a crude decellularization technique more than 70 years ago [23, 56, 57].
These biocompatible hydrogels can promote cell differentiation, or they are better than
other substrates such as Matrigel or purified ECM components, such as collagen [58,
59]. Hydrogels have already been used in preclinical applica- tions for the treatment of
ulcerative colitis [60], traumatic brain injury [61] and stroke [62]. Moreover, xenogeneic
decellularized tissues are being approved for use in humans by the Food and Drug
Administration (FDA) [63]. In terms of reproductive medicine, hydrogels made from the
oviduct could provide the conditions naturally occurring in the female reproductive tract
during early embryo development [64].

To create a culture environment to mimic the oviduct, we chose the rabbit as an animal
model given its phylogenetic closeness to humans, the size of its oviducts and its
reproduc- tive performance [38]. Using our prior experience [21, 65], we adapted a
decellularization protocol using Triton X-100 and SDS. These widely used chemical
compounds, in combina- tion with enzymatic treatments, can provide an optimal bal-
ance between the removal of cellular and antigenic material and the preservation of
native ECM structure and composition [23]. Consistent with this, our histological analysis
revealed complete removal of cellular and nuclear material but the maintenance of a
dense network of collagen fibres in our decellularized oviducts. Further DNA



quantification con- firmed the elimination of the majority of nucleic material in our
decellularized tissue, which had only 3.25% (w/w) of the DNA found in native tissue.

The surface of the female reproductive tract is coated with polyhydroxylated compounds,
macromolecules and compo- nents of the ECM. The latter are mainly differentiated into
two groups: GAGs and fibrous proteins [66]. Alcian blue staining and colorimetric
quantification demonstrated moder- ate retention of GAGs in our oviECM hydrogels.
GAGs are important mediators between cells and their environment. They control the
diffusion of macromolecules and the interac- tion of cells with a variety of ligands (e.g.
growth factors and hormones) [67]. Moreover, GAGs are intrinsically abundant in
follicular, oviductal and uterine fluids and it was demon- strated that they support the
proliferation and differentiation of embryonic cells [68]. Because of this, it is possible that
they may facilitate the development of in vitro fertilization (IVF) oocytes to blastocyst
stage in vitro. We did observe excellent retention of a specific GAG, HA, within oviECM
hydrogels. The addition of HA to culture media has been shown to im- prove blastocyst
development in IVF-derived bovine embryos [69-71] and is a suitable substitute for
serum proteins for supporting mouse blastocyst development [72].

Quantitative analysis of the protein composition of our native and ECM oviductal
hydrogels showed a general decrease in protein abundance after the decellularization
process. The partial removal of cellular proteins was demonstrated by the decreased
level of proteins involved in metabolic processes, synthesis and exchange of substances
(ions and <1000 Da molecules). Furthermore, GO enrichment of the proteins identified
in these hydrogels revealed that collagen fibrils, desmosomes, basement membrane and
ECM components are among the most enriched cellular component GO terms. When
comparing the proteome profile to previously published endometrial hydrogels by our
group [21], we saw a high similarity within the structural ECM proteins present; however,
more than 50% of the detected proteins were different between both. More precise
proteomic methods could elucidate these differences deeper. We also char- acterized
the ECM protein signatures (matrisomes) of the gen- erated hydrogels. Although more
matrisomal proteins were identified in the native hydrogels, they accounted for only 35%
of the total extracellular proteins compared to 68% in the decellularized hydrogel.
Various ECM compounds have been shown to influence the in vitro growth, function and
differenti- ation of various adherent somatic cells [73] and may influence the
development of preimplantation embryos. For example, fi- bronectin added to culture
media supported mouse embryo de- velopment but did not improve the development
achieved with control treatments [72]. However, both fibronectin and laminin, which are
present in our oviECM hydrogels, can improve hu- man blastocyst hatching rates [74].
Furthermore, laminin has been described to bind to growth factors with high affinity [75].
Culturing day-1 embryos on our oviECM coating did not improve classic markers of
embryonic viability (blastocyst development rate, morphology and appearance);
however, it might have assisted embryo metabolism. The metabolism of preimplantation
embryos can reveal distinctive characteristics associated with their development and
implantation potential [76]. Our untargeted metabolomic analysis revealed that when the
oviECM coating was used, the starting culture composi- tion resembled its final
composition. This implies that the embryos required less acclimatization and expended
less en- ergy in creating an optimal environment for their develop- ment. In the same
vein, targeted metabolomic analysis showed that under CM conditions, the embryos
significantly produced and released amino acids and intermediates from glycolysis,
consuming glucose and gluconate. However, the oviECM hy- drogel seemed to provide
amino acids and glycolysis interme- diates to the medium, which could then be used by
the embryos in low amounts.

We believe our results are most consistent with the “quiet embryo hypothesis”, which
proposes that unstressed viable preimplantation embryos operate at lower metabolite or
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nutri- ent turnover rates than those of their less viable counterparts [77]. Hamatani et al.
[78] described two physiological states of blastocysts (activation and dormancy)
according to the global expression of genes involved in energy metabolism, cell
signalling and cell cycle control. In a total of 18 genes associated with metabolism, 13
were expressed in blastocysts upon activation and 5 on dormancy [78]. In another
investi- gation, D’'Souza et al. [79] suggested that genetic instability in the embryos
triggers the uptake of energy substrates and ami- no acids to facilitate the DNA repair
process. In our study, the amino acid turnover was twice as high in standard cultures
than in oviECM cultures, suggesting less stress and better embryo performance on
oviECM. Based on the “quiet embryo hypothesis”, the oviECM coating conditions appear
to support viable early embryos with “quieter” metabolism than embryos cultured under
standard conditions [80].

Conclusions

The physical and biochemical environment significantly im- pacts the in vitro growth and
development of embryos. Based on this fact, we have implemented a specialized surface
for in vitro culture that consists of a decellularized oviductal ECM. We have demonstrated
appropriate preservation of the ECM and retention of a specific mixture of biomolecules
de- rived from the native microenvironment after biochemical and mechanical
treatments. When embryos were cultured on oviECM coating, blastocyst development
rates were compa- rable to the current gold standard but with evidence of better
metabolic performance, suggesting a quiet metabolism con- sistent with successful
embryo development. This could be due to a slow release of specific supportive
molecules from the oviECM coating and to the presence of key signalling molecules in
it. While more research is needed to assess the impact of this technique on embryos and
possible offspring, there is no doubt that tissue engineering has potential within
reproductive medicine.
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Fig. 1 Experimental schema. Two types of hydrogels were made (with decellularized
tissue and with untreated tissue), and four experimental conditions were analysed at the
metabolomic level (CM, CM + OH, CM + E, CM + OH + E). Abbreviations: DAPI, 4',6-
diamidino-2- fenilindol; GAGs, glycosaminoglycans; SEM, scanning electron
microscopy; HA, hyaluronic acid; CM, culture medium; OH, oviductal ECM hydrogel; E,
embryos
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Fig. 2 Assessing rabbit oviduct decellularization and ECM architecture. H&E (a, b) and
DAPI (c, d), exhibiting removal of cellular material and complete destruction of nuclei.
DNA quantification (i), confirming a 96.75% reduction in double-stranded DNA. Masson’s
trichrome (e, f) and Alcian blue (g, h) stainings, demonstrating the presence of collagen
fibres and partial retention of GAGs after decellularization (data are expressed as the
mean = standard deviation (SD), N = 3 per group; triple asterisks indicate significant
differences of p < 0.001)
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Fig. 3 Ultrastructure and GAG content of hydrogels. SEM images of control (a, ¢, e and
g) and decellularized (b, d, g and h) hydrogels (oviECM), showing both have a very
similar complex fibre network. k The average fibre diameters of both hydrogels were
similar. oviECM hydrogels had 84.54% less GAGs (i) and 28.68% less HA (j) than control
hydrogels (data are expressed as the mean * standard deviation (SD), N = 3 per group;
triple asterisks and single asterisk indicate significant differences of p < 0.001 and p <
0.05, respectively).
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Fig. 4 Proteomic analysis of control and decellularized hydrogels. a SDS-PAGE of the
three biological replicates of each hydrogel type. For each sample, 5 gel fragments were
processed and analysed separately. b Quantitative heatmap data (native condition =
control; decellularized hydrogel = oviECM). ¢ Enrichment analysis of GO terms for
proteins with greater abundance in the oviECM hydrogel (blue) or in the control hydrogel
(red). N =3 per group

° DO S S N b L
vt !2
= 1)
— — 18
e =
— e
I’I
[——————¢
F : £ =~ Condition
" @ Control
e —_— | @ oviECM
— §
— !
= e |
C = o
2 Laminin-11
g_ pICIn-Sm protein
£ Commi
9 lumen
o
E Collagen network Legend
- U4 snRNP 5
] ® Overrepresented in
8 Platelet dense granule |ee——— the control hydrogel
matrix i conferring i [ ] Ov'errepresented in the
5 c I activity oviECM hydrogel
s5.2 U1 snRNP binding
8 § Porin activity
° S Voltage-gated anion channel activity |e———
== Serine-type endopeptidase inhibitor activity |——
Cell-cell i i activity |ee—
Maintenance of pretein location in region
o ion of signal i
.E a i ‘: process
o 9 process
k<] 3 Coll i ignaling pathway
O = " o b . T .
@ o Cell insp g
i snRNP
Platelet i f—

0 10 20 30 40 50 60 70 80 90 100
Fold enrichment

20



Fig. 5 Matrisomal proteins in control and oviECM hydrogels. a Percentages of proteins
within different matrisomal subcategories were calculated by dividing the protein
numbers of individual matrisomal subcategories by the total number of extracellular
proteins. b Distribution of proteins identified (IDs) in matrisomal classes for oviECM and
native hydrogels. Only proteins detected in at least two biological replicates were
considered.
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Fig. 6 Untargeted metabolomic analysis of culture media. a Principal component analysis
and b heatmaps of 50 untargeted metabolites. ¢ Number of metabolites with significantly
different abundances between different conditions (p < 0.05). N =6 per group
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Table 1 Decellularization protocol for fragmented rabbit oviduct

Component Concentration Duration
PBS 1x lh

SDS 0.1% 22 h

PBS 1x 3 min
Triton X-100 0.5% 2h

PBS 1x 30 min (x2)
PBS 1x O/N

DNase I solution 30 pg/ml 4h

PBS 1x 30 min (x3)

PBS phosphate-buffered saline, SDS sodium dodecyl sulphate
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Table 2. List of identified matrisomal proteins in control and decellularized (oviECM)

hydrogels
Subcategory Gene name Protein name Control
Glycoprotein AGRN Agrin X
Glycoprotein EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1 X
Glycoprotein EMILIN1 Elastin microfibril interfacer 1 X
Glycoprotein FBN1 Fibrillin 1 X
Glycoprotein FBN2 Fibrillin 2 X
Glycoprotein FN1 Fibronectin X
Glycoprotein LAMA2 Laminin subunit alpha 2 X
Glycoprotein LAMAS Laminin subunit alpha 5 X
Glycoprotein LAMBI1 Laminin subunit beta 1 X
Glycoprotein LAMB2 Laminin subunit beta 2 X
Glycoprotein LAMCI1 Laminin subunit gamma 1 X
Glycoprotein LTBP4 Latent-transforming growth factor beta-binding protein 4 X
Glycoprotein SBSPON Somatomedin B and thrombospondin type 1 domain-containing protein X
Glycoprotein TINAGLI Tubulointerstitial nephritis antigen-like X
Glycoprotein VWEF von Willebrand factor X
Collagen COLI15A1 Collagen alpha-1(XV) chain X
Collagen COLI1A1 Collagen alpha-1(I) chain X
Collagen COL1A2 Collagen alpha-2(I) chain X
Collagen COL2A1 Collagen alpha-1(II) chain
Collagen COL3A1 Collagen alpha-1(IIT) chain X
Collagen COL4A2 Collagen alpha-2(IV) chain X
Collagen COL4A6 Collagen alpha-6(IV) chain X
Collagen COLS5A1 Collagen alpha-2(V) chain
Collagen COL6A2 Collagen alpha-2(VI) chain
Collagen COL6A3 Collagen alpha-3(VI) chain X
Proteoglycan HSPG2 Basement membrane-specific heparan sulphate proteoglycan core protein X
ECM-affiliated ANXA6 Annexin A6 X
ECM-affiliated MUCSAC Mucin 5AC, oligomeric mucus/gel-forming X
ECM-affiliated OVGP1 Oviduct-specific glycoprotein X
ECM regulator A2M Alpha-2-macroglobulin X
ECM regulator CD109 CD109 antigen X
ECM regulator CTSB Cathepsin B X
ECM regulator CTSC Dipeptidyl peptidase 1 X
ECM regulator CTSZ Cathepsin Z X
ECM regulator ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4 X
ECM regulator ITIHS Inter-alpha-trypsin inhibitor heavy chain HS X
ECM regulator PLG Plasminogen X
ECM regulator SERPINAS Plasma serine protease inhibitor X
ECM regulator SERPINBI1 Leukocyte elastase inhibitor X
ECM regulator SERPINB6 Serpin B6 X
ECM regulator SERPINB9 Serpin B9 X
ECM regulator SERPINC1 Antithrombin IIT X
ECM regulator SERPINE2 Glia-derived nexin X
ECM regulator SERPINF2 Serpin peptidase inhibitor, clade F, member 2 X
ECM regulator TGM2 Protein-glutamine gamma-glutamyltransferase 2 X
ECM regulator TIMP3 Metalloproteinase inhibitor 3 X
Secreted factor FLG2 Filaggrin family member 2 X
Secreted factor HRNR Hornerin X
Secreted factor MDK Midkine X
Secreted factor S100A8 S100 calcium-binding protein A8 X
Secreted factor S100A9 S100 calcium-binding protein A9
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Table 3. Changes in the abundance of metabolites in culture media

Metabolic pathway Metabolite FC1 FC2 FC3 FC 4
Asparagine 2423 .953 0.093 -0.377

Arginine .581 .586 01258 01253

Aspartate 1073 21503 0.245 D.1ss

Glutamic acid -.514 711 0.204 007

Glycine .283 -1.351 0747 .321

Histidine .567 .506 0.238 0299

Isoleucine-leucine .037 ).775 ('?.232 -0.031

Biosynthesis of amino acids Lysine Dses P28 Q350 40
Methionine -0.384 0.371 1.388 402

Phenylalanine 2.785 2.715 0.235 .165

Tyrosine 2.108 2.062 0.506 0.460

Tryptophan 525 a1 heos a7

Serine -0.605 -1.242 0,595 -p.042

Proline .007 ).553 -0.367 -0.821

Valine -0.327 018 0.144 0.489

Oxidative phosphorylation Gluconate 32 324 0.058 0.071
Glucose 815 711 0.336 0.231

Glucose 1815 1 0.336 0.231

Glycolisis/Ghuconeogenesis Glyceraldehyde-3P -0.652 -1.139 ('?.659 @ 172
Glycerone-P -0.793 -.839 0.342 0.296

Phosphoenol-pyruvate ~ -1.053 -0.867 0.193 0.378

Insulin signaling pathway Glucose 1815 711 0,336 0.231

Numbers in red denote significant differences between the contrasted groups (p < 0.05)

FC 1, log-fold change between CM and CM + E groups; FC 2, log-fold change between CM and CM + OH groups; FC 3, log-fold change between
CM + OH and CM + OH + E groups; FC 4, log-fold change between CM + E and CM + OH + E groups
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